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This report summarizes the findings of one of '

fourteen panels that studied progress in spacekscience applications
and defined user needs potentially capable of being met by
space-system applicatiotS. The study was. requested by tle National
Aeronautics and Space Administration and was conducted By the Space,'
Applications Board. The panels comprised user specialists drawn from
federal, statey apd local governments and from business and industry.

. In this report, the Panel on Material Processing in Space assesses.
the feaVibili:ty apd advantages of processing materials tin a
nongravitational fief. This type pf processing is discussed for
biomedical and inorganic materials. (ME)

.

0 c

*********************1****************** *************4*******IN*******
Docpments acquired 4 ERIC include many informal unpublighed

.

*
i

''''' * materials not available from oth.v.sources. ERIC make's every effort *
k * to obtain the best copy available. Nevertheless, items of marginal *

* reproducibility are oftell,encountered did this hffects the quality ,*
* of the microfiche 4nd hardcopy reprgductions ERIC makes available *.
* Ria the ERIC rocumOnt Reproduction Service (m). EDRS is not *
* responsible for the quality of the original document. ReproductitmS *
* supplied boy EDRS are' the Vest that can be made from the Original. r' *
***********40**********************************************************



:

Pradical Applications
'of Space Syst6Ms

t4

upporting Paper u-

LL) .

Materials. ,

recessing.
in .:SpaQe-.

.0*

110

S.

.7
t.; S OE PARTMENT OF HE T+i

EDDCATiON ZWELFARE
NTCkAL NSTITUTE

s. 1. . C'P %-." %:" 5 f :.4 LE

7. - -

4

Sr

.

t

It

I

ass

Panel ROport Prepared for the

Sp.aca'Aprilicatioeis Board
f

.

Assembly of ..Engineering
7 ,

National- Research Council
. 4 N

a.

Ct

.

et



1974' SLIKKER STtiDY ON PAC

SIVDY DIRECTOR

Jack M. Campbell
President .Federation o4ocky
Mountaxn States

Denver, Colorado

I. Panel on Weather and Climate

George S. Benton.(Chairman)
Vice President
Johns Hopkins University
Baltimore, Maryland

Panel on Uses of Cortmunicati.ons

PeterC..GoldmarE (Chairman)
President
Goldmaik Communication p Corporation

Stamford, Connecticut

.PaneZ on Z, d Use ?limning

John R. Crowley (Chairman) '

Chairman, ColoYado Land Use'
Commission

Englewood, Colorado'

Panel on.AgricuZture, FOrest & Range

A: R. Baldwin (Chairman)
Vice President
Cargilt, incorporated ,

Minneapolis, Minnesota.

Panel on Inland Mater Resources

Leonard. T. Crook (Chairman)
Executive Director. L

treat Lakes Batin Commission
Ann Arbor, Michigan

Panel. on Extractable Resources

William B. Heroy, Jr. (Chairman)
Vice President and Treasurer
Southern Methodist University
Dallas, Texas '

Panel FiEnvironmehtal QuaLi

on W. Weinberger (Chairman)
Prelident, 1.ivironmental Quality

Systems, Incorporated
Rockville, Maryland

.

.14

/APPLICATIONS OFSkCE SYSTEMS

7PUTY DIRECTOR
. ,

Willis Hawkins'.
Senior's ethnical Advisor

Ltickhee rcraft Corporation
Burbank, ifornia

Pane/ on harine and 'tine Uses

. .

JaMe s J. Reynolds (Chai )

President, American InStit e of
Merchant Shipping

Washington, D.C.

Panel on Rater/74U Processing in pace

Winfield W. Tyler (Chairman)
Vice President for Corporate Research
Xerox Corporation
Rochester, New York

0.

Pa nel on InstitutipnaZ Arrangements

Harold B. Finger (Chairman)
Manager, Center for ,E rgy Systems
The General Electric' pany
. Washington, D.C.'

Pana on Costs and Benefits'

Albert Kelley (Chairman)
Dean, School of Management
Boston College
Boston Massacfiusetts, '

'Panel on Space Tranbportation

-Walter F.. Burke (Chairman)
'Contultant
Corona del Mar, Californ ia

Panel on Information Prdpessing & Services

S. Benedict Levin (Chairman)
Executive Vice President
Earth. Satellite Corporation
WashingtonD.C.

Panel on Technology

. .

Robert K. Roney (Chairman) .

Vice President, Space & Communicatioehs'

Hughes Aircraft Company
'Los

.
Angeles, California

(July 1974)



11,

ti

'PRACTICAL . /-''
APPLICAiIdNS Of r .

1, .

SPACE SyST.rMS' , . ..-

, r

Supporting Paper 9

'MATERIALS PROCESSING IN SPACE

The Report of the
PANEL ON MATERIALS PROCESS -ING IN SPACE

to the
. 'SPACE APPLIWIONS BOARD
of the .

ASSEMBLY OF ENGINEERING
NATIONAL RESEARCH COUNCIL

4

Publis ed by
NATIONAL ACADEMY OF SCIENCES
WASHI' TON, D.C.
1975

4

A



I
a

s

Tha,s is a report of work under Contract',

No. NSR 09-012-106 between the National ..#

a Aeronautics and5Space Administration
and the National Academy of, Sciences.

t

1 i

y r.

Available from
Space Applicatioris Board

National' Research Council

2101 Constitution Avenue, N.W.
Washgton, D.C. 20418

,r

5

1



7

a

PREFACE

I

N.)
4

In November 1973, the National Aeronautics and Space AdmInist;ation
(NASA) asked the National.Acadety of Engineering* to conduct a summer study
of future applications of.space systeds,_with particular emphasis on pragliaa1
approadheg, taking into consideration socioeconomic benefits. NASA asked that
the study also consider how these Applications would"influence or be influenced
'Ay the Space Shuttle System, the principal space transPortation system.orihe
1980''s, In Decetber 1973, the Academy agreed to perform the.study and assigned
the task to the Space Applications Board (SAB).

ET
In the summers of 1967 and 1961, the National Acadeby ofSciences had

.conmened.agroup of eminent scientists and,enginees J determine what research
. arld'developient was necessary to per= the exploitation of useful applicatigns,

of earth-oriented satellites. The SABconCluded"that-since the NAS study,.
operational weather and communications satellites and the successful` first
year of use of the experimental Earth Resources TedhnolOgy Satellite had .demon-
strated conclusively a ethnological capability that could form a foundation
for expanding the useful applications of space-derived information and services,
and that it, was now necessary to obtain, from a broad.crbss-sectiqn-of potential
users, -new ide'as and needs that might guide the development of future space
systems for'practical applications. -

After discussiops with NASA and other interested federal agencies, it
was agreed that a major aim of, the "summer study" shonidbe to involve, and
to attempt to understand the needs of, resource managers and other decision-

.

makers who had as yet only considered space systems as experlmentali, rather.
than as useful elements of major day-to-day operational information and service
systems. Under the general direction of the SAB, then, a representative group
.of users and potential -tigers condpcted an intensive two-week study to define
user needs that might be met by information or service's derived from earth-
orbiting satellites, This work was done in July 1974 at Snowmass, COlorado.

F6T the study, nine user-oriented panels were formed, comprised of present
or potential public and private users, including businessmen, state and local
government officials, resource managers, and other decision-Makers. A number

*Effective July 1, 1974, the National Academy of Sciences and the National

Academy of Engineering.rtorganizedthe National Research Council into eight
assemblies and commissions. All National Academy of Engineering program units,
including theSAB, became the Asfembly of Engineering.

11i
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of scientists 41 technologists also participated, functioning essentially
as expert consultants. The asSignment'm'ade to .the pahels incldded reviewing

iprogrets n space applications since the NAS'study of 1968* and defining User
needi potentially capable.of being met by space-system applications. 'User
specialists, drawn from federal, state, and local governments and from business.
And industry, were impaneled in the following fields:

Pallel ..: Weather and Climate -

, Pang 2: Uses of Communications
Panel. 3:- Land Use Planning

- 'Pahel 4: Agriculture, Forest, and Range 6 ,..

.Panel '5: Inland Water Resources
.

, Panel ,,6: ..kxiractabre Resources

Panel 7: EnvironmentalQuali,ty ..044

Panel 8: .Marine and Maritime Uses
Panel 9: Materials Processing in..Space

__ ..

,
. .

. .
, . 4,

In addition, to study the socioeconomic benefits, the Anfluence of tech- 1,

,.-

. nblogy, and the interface with pace transportation systeMS, the following. ,

i

13ohels (termer interactive panels) were convened:
-.

Panel '10: Institutional Arrangements b'

Panel 11: Costs and Benefits
...,

Panel 12: Space transportation
Panel 13: InformatiServices and .Information Processing
Panel 14: Technology

_
, A

As a bas,is for their-deliberations, the-latter groups used needs expressed . -

by the user panels. A substantial amount of interaction with the user panels .

was designed into the study plan And was found to be both desirable and neces-'
..sary. \

.

The major part of the study was accomp1is1ed by the panels. The function

of the SAIrwas to.review'the work of the panels, .to evaluate their findings,

and to derive from their work an integrated- set-of majot conclusions and recom-

mendations.. The Board's findings, which include, certain significant 1-etommen-
datiolis from the panel reports as well as more general ques arrived at by
considering the work 9f the study as a whole, are -contained in a report pre-

pared.by the Board.** . . . .

. 1

.'-, It should be emphasized that
.

the study was not designed to make detailed

assessments, of all of the factors which should be considered in establishing

priorities. In soine.cases, for example, options other than space systems for
accomplishing the same'objectives may,need to be assessed;requidtements for

*National Research Council. Z:sefu: Applications of Earth'-Oriented Satellites,

Seport of the Central .Review Cornme.ttee. National Academy of Sciences,

WashingtOn:. D.C., 1969.
**Space Applications Board, National Research Councij. Practical Appl'icatiel:s

of Space SRsterrs.. National Academy of Sciences; Washington, D.C., 11975.

iv'
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institutional or organizational support may need to be appraised; multiple
uses of systems may need to 'be evaluated to achieve the most efficient and
economic returns. some cases, analyses of costs and benefits will be needed.
In this connection, specific cost-behefit studies'were not conducted as a part
of the two -week study. Recommendations for certain such.analyses, however,
appear in the Board's)rgport, togetheNwith recommendations. designed to provide
an improved basis' uponAhich to make cost- benefit assessments.

In sum, the study was designedto provide ah opportunity ,for knowledgeable
and experiencbd users, expert in theif fields, to express their needs for
informationoroservices whichmight torpielk not)bemet by space systems,
and td relate the4presentand potential capabilities of space systems to their
needs. The study did not attempt to examine in4detail the scientific, techni- -

cal, or economic bases for the needs expressed by the uses.
The SAB was impressed by the quality of,the panels' work and.has asked

that their reports be made available as supporting documents for the Bbard's,
report. While the Board is in generalaccord with the panel reports, itdoes
not necessarily endorse them in,every detail.

The conclusions and recommendations li-:f'this panel report should be con-
sidered within the context Of the report prepared by the pace Applications
Board. The views presented in the panel report represent the,ganeral consensus
of the panel. Sope individual members of the panel may not agree with every
conclusion or recommendation contained in the report.

- ,
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PANEL ON LSATERIALS P-ROCESSING. IN SPACE

I.

A

,

A

'Winfield W. Tyler (Chairylaii
Xerox Corporation
Rochester, New 'York

Robert E, Hughes (CQrChairman)
,CorneilMiversity
Ithaca, Now York
- '

Manuel Aven

General Electric Company
Schenectady, New York

ti

.

tt.Harry C. Gatos

'Massachusetts Institute of
Technology

Cambridge, Maisachusetts

John P. Howe

General Atdmic Company
San Diego, (California

'Kenneth A. Jackson

BellTelephofiel.a6oratories
Murray Hill, New Jersey

Louis R. Mccreight
General Electric Company
Philadelphia, Pennsylvania

Alert. L. Rubin
Rogosilit Laboratories -
Cornell University MOical College.
New York,New Yo'rk

.t

David A. Stevenson
Stanford University
Stanford, California

*r. Tyler sewed, as Chairman of the.Panel duying the organization
of the study and the deliberations at Snowmass; Dr.iughe's served
as chairmari during the subsequent drafting and.editing.of this
report.
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The 1974 Summer Study on Practi5a1 Applications.of Space Systems included
0 a'Panel'on Material,s Processing in Space to assess the feasibility and possible

r
adv.antages'of.processing materialsj.nOnbngravitatidnal field. 'No similar panel ,,,

was incltided ,in the-NAS 1967-68 study on useful applications, of earth-oriented

.-4saterlites,,whichseryed as a point of departure for the 1974 study.. 'therefore,. 46
this introduction:includep a brief hi;tory and review of progress to date in this
field.

.
- .

, - . , ..
.

..

- 'yrocessing of materials in space i's in an embryonic stage. .POtential avail-
ability of 'Ufficiently large.spacecraft for both launching and recovery of uSeful

'.payjoadsloffers a ew dimension for applied research and prooessing of materials.- ,s
This availability`, of prolonged near-ero gravityencourtges one to identify mate -' II

rial processegJdach are adversely affectedly gravity. Other aspects of .the
space enviro'npnt (for example;yammlyumping Capacity, space radiation fields) -

'May, als9. be useful adjendts, to.thelow.gravity availabke'in'space. . ., ,

''' A few.eiatplet of innovative ideas and praciioesare available to illdstrate
early applications of processing atzerotgravitY. The ideas evolyed in the. mid -'
19601s, primarily from some Tesonnel at the NA8A.MArshall Sp'ace Flight Center .. ,
and NASA Headquarters.. A few indications. of how bubbles afid.droPlets behave
in near-zerogravity we're observed and recorded during 40111e Apollo flights
(Refeiencep 1 and 2). The!e7early. ideaioffeEtimbly stimulated discussions
which -proditted new ideaS, fahichenen analyzed &item, in some cases, the base
.for flight demonbt6ations. ." . .

buring these early ind.formatiVe years of the program, there were many con-
.

tacts'with potential industrial users'. Perhaps prematgrely these contacts heie
aimed at involving industrial userteva verydireOf, Suppo tive Manner. iltitis--
the results of Apollo and Skylab.f ght

.

experiments, as we 1 as future flig . .

results, which'will largely determine.user response to the future benefits of,-
materials processing in space,. Early demonstrations and flight experimentsyere.. ,

, tusuapy. conducted 'on simple materials uled as models and using simple versions of '

tile,processes of,interest. The.objdctiveof this Peel study is to encourage
e future experiments that will be both more definitive and more focused toward the

most viable areas for obtaining practical benefits from space processing.. The
interest of potential users is expected to increase when the results of these
future studies and experimentation from the earYy yearg of the Spacel.ab and ,

Space Shuttle become available. , i
. .

Since the inception of the NASA SpaCe Proces§ing Applications Program (pre
.

-4.
viously known also under suchsother titles as Material Science/Manufacturing in : ,

.. 4 t

*

. \ -13
: .

r'
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Space, for example), small contractual research and technology.programs have
grown in number from about S to about 70 contracts per year. More than 20
demonstrations and experiments were initiated and'carried out on Apollo flights
14, 16, and 17 (References 3 to 7) and on the Skylab flights (References 8 to 10)
to demopstrate-ortest space processing ideai and principles. ,The experiments
were often planned, scheduled, designed, and constructed orr very short scheduljes.
As might be expected, some experiments gave interestipg and unexpected results
and others gave indeterminate results. Many of the analyses and studies of
samples returned from Skylab early in197,4 had not yet been completed and
reported at the time'of the 1974 Summer. Study.% Thus, the deliberations of the
Panel here basyd primarily on published preliminary Skylab results (Reference 11)
and on briefings, primdrily by ga personnel and in a few cases bythe principal
investigators of these flight experiments. Also included was an excelleht review

.
, by the European Space Research Organization (ES120)* of European work in this.
field (Reference 12; .

.

The following observations and results from flight demonstrations accomplish-
ed to4datirwere de.emed significant in considering *the need for, further research

. arid development; ,

.

Diffusion controlled solidification. of_crystals was obtained;
:-.."

r
Containerless crystal growth with_high surface perfection and
low dislocation density waSdemonstrated; . .

.

,
A e

_

. .

i?

1

.

, Results from experiments on immiscible metals were jUdged of
'sufficient interest tb pursue further;

,

Heat flow and-Mritction tar be reduced and controlled under
-.low gravity but convection is not necessarily eliminated; and

4 . .

W eliminary demonstrations of electrophoresis o two Apollo /

Akole'SZylab mission indicated premising pos ibilities for
. . purifying and sepaist. g biological materials. -

. -i-- -
-

=.

These preliminary result* d others helped to provide input to and serve as
the foundation-for the re ommendationi of the Panelfor further research and

41.

development, as well is-f light experiments in the.fiela of materials process-
ing

. .

in space,whichare,disc sed in this report. ,,

It should be noted that NASA has established significant ;interactions with
'the biological community in the past years (Reference 13).

Finally, the'Panecl acknowledges and appreciates the substantial contribution
and recommendations by the Univeisities Space Research Association (Reference 14).

,.., .

Is

-

*Since the study,,ESRO has become the European Sce Agency (ESA).

. .

_

4
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CURRENT USER NEEDS

;

Bectuse materials processing in space is in the researchand development
stage, the user at this time is the'research segment pf the materials applica-
cation community. The eventual users will be the industrial &id commerciiat
organizations who can best utilize-the research results in thkoroducts which
they offer to consumers. However, processing of materials in space is likely to
be applicable to only one step (or at most a. few steps) of the, manyiecessary
to the production of, .for example, a biological or an electronic device. Space
processing shopld therefore be viewed as only one of many steps in an overall..
manufacturing ,sequence.

The PanV believes the potential b enefits of materials processing in space
can best be achieved if NASA continues its program of initial research and
development and launch services, but with a gradual transition to direct relation,
ships between NASA and the industrial organizations in the private sector who
would determine their needs, compare benefits with costs, and arrange for pro-
cessing of their materials in space when they consider it cost-effective:

Biological products such as vaccines, serums and hormones are high-value,
low-volume products, and the potential benefits from space processing could be
large if certain of these products could be prepared in purer form, or wits
greater spec4ricity, in space than on earth. It is not unreasonable to expect
that new products, currently impossible to manufacture at the surface of Ile
earth,olight be developed.

Qne can estimate the potential value of pew or improved biological products
by tt+o complementary approaches. First, if improved serum for usein the trans-
plantation of kidneys (as well as of otherorgans) could be provided, and if
suitable hormones (such as erythropoietin) .or other biological products could be
manufactured, improired heftth could be brought to the some 15,000 persons in
the United States-who suffer from renal failure. While other examples could
be presented, the cited case has an extra aspect of importance by virtue.of the
fact that these kidney treatments and transplants are federally supported.
There can,-therefore, be a fairly direct measure of the costs and perhaps a more
exact measure of the benefits of rehabilitation of persons as well as a more .

`clear-cut rationale for government research and development to.reduce these
expenditures.

Alternatively, the estimation of Cost benefits could be based on the effects
on the pharmaceutical industry of successfully developing processes for making
products of higher purity. This industry has annual. sales of about $8 billion
in the United States, of which about S percent is in biologicals. A significant '

3

15
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fraction of these biological products might benefit from space researchon IS

purification. . A

In the case of the inorganic materials, also recommended by.the Panel for
- attention in the materials research and processing in space program, applica-

tions- are much more diverse in terms of both the number of industrial organiza-
tions that might utilize the results or products and the variety of-uses. This

makes it more difficult to estimate tp economic impact. Nevertheless, some
estimates, which the Panel believes are conservative (detailed in subsequent
parts of this report)t indicate a possible direct value of $8 million to $40 1

million per year in domestic sales with considerable leverage on costs of re-
lated products. The dollar value of products sold abroad is likely to be several

. times this amount. _Thus, substantial benefits may be transfe'rred to other coun-
tries at the same time that theb.S...baltnce.of payments is favorably affected.

--,In addition, there may be eXPitted numerous other, less visible, socio- .

economic' benefits both in the health-care field and throughout industries that
use inorganicmateria4s, discussed later in this report.

The initial and continuing cost of the space'program is paid for ultimately.
through tax revenue; much of which is collected by U.S. ,commerce and industry-in
connection with their role of providing ,goods and services to the consumers. i

The basic interest of both the public and private sector organizations involved .

in space processing should therefore be the same, namely, to provide the bes
goods and services possible for the least cost.

It is therefore suggested that, because the nature of current activities
is in the research and development stage, NASA should maintain its, current role
directe toward the pursuit of those development opportunities, as far as pos-
sible, hick are conducive to attracting private enterprise. This effort is
belieyed to require considerably more demonstration of the technical feasibility

e edt

for 'exploring the benefits.of low gravity processing. The successful. der\lop-
ment and demonstration of the Space Shuttle, the achievement of the exp
operating costs, and shitable arrangements for allocating costs, benefits
rights will benefit the consumer through improved products, industry throug

technological improvements, and .g9vernaftt through continued increased inco
,

A ...Afrom a broadened economic base. -
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ii I OMEDI CAL APPLICATIONS

BACKGROUND

... to
In thii-FseCtion,,the-Panelbwill recommend vigorous and systemati6 develop-.

. ient of processes for separating, Characterizing, and.analyzing biological
materials in the absence of gravitational forces. 'Our recommendatioks are based
on the following considerafions:..

Benefits: Potentially, several thousand human lives mayobenefit from
the improved isolation and product"pn of any one of several known enzymes, hor-
mones, immunological factors and cekls. Know edge at hand ftom biology and '4
medicine provides confidence that beneficial applications of these entities :
exist. The breadth and'the vigor of the biomedicill field of research led the
Panel to believe that in the course of the 15-0-20 year lead time-expected
for development and evaluation of complete procdsses for producing materials

. in space, additional highly, valuable biomedical materials and,functions will'
be discovesed in the course of research *in laboratories on the ground.

There'are several processes for the pieparation of biologicals which might
benefit from one or more aspects of the space environment: Ofthese,:perhaps
the most?idely used analytical procedure, electrophoresis, is also the one that
could possibly lie most.beneficiaily exploited to provide useful quantities of
higher' urity biologicals if'it could be scaled up io meet both quality' and

'quantity requirements.

The U efulness of Electro.horesis: The- electrophoretic motion of biologi-
cal tolecul cothplexes; an ells t rough an 'appropriate aqueous solution in
:an electric eld (and other potential gradients). is used extensively for analy-

, zing, characre i zing, and separating these biological entities. It is estiAated
that as many as 20,000 tb 30,000 technicians and researchers are using this .

tecbniclue'for diagnosis and research. Over 300 ieSeArch.papers jr e year are
published in this general field. Thus, the technitlue has both a proven basis '

,'and an extensive future potential.

17
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Improving Electrophoretic Processes; In laboratories on the earth's sur-

face, gravitational forces induce an unwanted mixing which reduCes or may; even

prevent the separation of biological andother fluid components by the very

weak forces involved in the electrophoretic process. Improvements in resolution
and specificity of the process have been predicted analytically and to some .

extent confirmed in experiments in space. The 'Panel considers that the

possibility exists of realizing important benefits from electrophorepc process-

ing of biological materials in space.

ft. .
. I

GENERAL NATURE OF PkOdRAM

0 #

The systeMatic developmentof pr4esses wild require a sys ems approach

including carefully designed scientific and enOneeOng.experi nts conducted

on the grouad, in simulatedflighAs and in orbiting vehicles. A major objective

of the desln of experimentsshould be to det mine and relat the significant

variables (some of which will be outlined subsequently).necessary fqr the

evaluation, engineering, operpion, and Control of cost - beneficial processes and

medical applications. To complement the. experiments, there needs to be a pro-

gram of theoretical analysis designed specifically too complete the application

!offluid-electrothermodynamical-theoxy to the several useful processing systems.

Finally, there need to be developed the proceSs stos, procedures, and quality
r

Finally,
assurance that must precede and follow processing in space in older to obtain,

.,

preserve, and deldiAr the'mediCal materials. This systeMs concept requires both
.interdisciplinary And' mylti-instAxutional efforts and perhaps new inter-instiL

4
tutional arrangements. . . c.. lk. . :, Og-i

, . 1 . 1
4 i ) 'N..

4

STAFFING THE EFFORT

The systems Approach to the problem will requireollaboration and inte-

grated efforts'among physicall:kiothemical, medical, and fluid dynamical

researchers, along with analytical, design, planning, and quality-assurance

engineers,.' andmedica;.specialists and lywctitioners. Since !the deyelopment and

evaluatiori of these processes will extend beyond.15 years, the program must

attract and motivate young talent. Through competitive collaboration .and

eXchangebetween.groUnd- and space-oriented teams, both objectivity'land success

may be fostered. 4

BASIS PM RECOMMENDATIONS

An outline of known recent progress in the evaluation of processing of
biomedical materials in the absence of gravitational forces as well as of a few
trends in medical reseaich will reveal the reasons for the Panel's general_ recom-
mendafions and provide a basis for vhat the -Panel lt able to project in the way

of future programs.
The primary.sources of information tin the processing pf biomedical materials

are the Udiversties Space Research Association (Reference 13), the European Space

Research Organization (Reference 12), Panel members A.L. Rubin and L. R. McCreight
r r

6
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(Reference 15), and advisors and consultants G. V. F. Seaman, G. - Seibert, T..

Bannister and T. Carey..

There is partial confirmation that increased resolution can be achieved by.
using electrophoretic separation in the presence of low gravitational forces.
In an electrophoresis demonstration using dye molecules, sharper boundaries were

- observed oh.Apollo 14 than had been observedon earth (Refeience 3). Improved ,t
'separation of polystyrene particles, compared with control experiments in an earth
laboratory, was observed in'an Apolld 16 demonstration.

' At the present time, biological separations of particular interest include
',the following cases demonstrating or illustrating opportunity:

Isolation of those kidney cells that produce the hormone
erythropoietin that in turn stimulates the prOduction of
red brood cells inbone marrow. Thousands if patients
witi.kidney diseaie'are severely anemic for lack of the
hormone.

.f 0

Isolation of.those kidney cells that produce the enzyme
urokinase,Inow in large demand eliminate emboli from
the circulatory systems of patients.

Isolation of subpopulations of wliite,bloOd dells (lympho-
cytes) and production of antibodies and other products.
:(from lymphocytes) that Characterize and may modify the-,
immuvresponsgs of patients to transplants, nucleation
-and growth of tutors .and tither therapies or pathologies:

Identification and solation of blood proteihs that are
associated with cloting and othei behavioral features of
.blood, with anticarcinogenicity, and with other functions
Steqhas the metabolism of neurochemicals.

Identification and isolation of fractions of red blood
"Cells (ery,thro4ytes) having different electric charge,
dipole layer (zeta4potential) deniity, aid other Character-
istics, Particularly as model substances.

Identification and separation of nerve cellt having different
electrolytic, internal electric, neurocheMical and neuro-
logical behavior and functi

PROGRESS IN DESIGN OF ELECTRO RPM PROCESSES

Principles of the apparentlyluseful techniques electrophoretic processes
may be outlined At the following elementary fashion th may suffice to ratio-
nalize the future progehg*taken up in a subsequent section

,pl biological particles (molecules, come exes,
cells, etc.) are differentiated and separated through th ir



'trajectory or position under rathercomplex forces in an'aqueous
electrolyte.

Microscopically, a particle is characterized by_its charge, .

volume, shape, density,,and degree of binding to molecules and
ions in'ec.h particular solution.

The charge on a particle is determined by its'surface functional'
groups, carboxyl, amino, other proton donor and acceptor groups,
or acid-base groups, other ion acceptor and donor groups and, in
some-cases,. electron acceptors and donors. Cells within a given
type apparently may vary in these respects within limitsi Thus,
the donors and acceptors.in the aqueous electrolyte in turn

-Oeterraine the charge, oxidation state, surrounding, charge diStri-

bution or ionic atmosphere and, often, size and shape of the
particle.

The motion of a particle is diffusional; or Brownian, biased by
a local force field made up of exterhalli-AopIied fields (electri-,
cal, gravitational, and fluid flow), modified.by usually small,
induced ionic and molecular redistribution. If the Icical field is
simply related to theapplieafiefd,'the response of4the particle
is described by a mobility that lumps the characteristics of the
particle with those of the solution. Foilthe latter; Viscosity,
density, and ionic strength ofteh suffice. Alf of these response
coefficients depend on temperature. ,

6

Local forces that are difficult to quantify and flowsthat-may
seriously perturb response to the known or fixed external,fields
are convection dueto gravity acting on,density gradients
or differences which in turn depend on temperature and compositibn,_
gradients; interfacial energy gradients which'mayinclude tempera-.
ture And composition; and electrical potential gradients and fluid
velocity gradients near walls a'other-interfaces.

Thus, while gravitational forces can be:used-to advantage in some
proCesses'(for example, in sedimentation), in the electrophoretic
process their absence allows definitely better control of the
motion-of large particles-, bath relative to the electrolyte and
relative to the external frame. of reference, namely, the regions'
of introduction or removal frob the solution.

Similarly, but only' within trade-off limits, increasing digtances
between particles'and walls or other high energy interfaces assist
in controlling or knowing particle motion.

By eliminating or reducing gravity-, density-, and thermal-
gradient effects and serious interfacial effects, advantage can
be taken'of utilizing pH, ionic strength andviscosity levels,
and gradients over a significantly wider range further to

8
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(
characterize and separate particles (Reference 4). Obviously, ., bidiogical considerations place limits on the temperature in
adevolume element of the solution. .

r ,
.,

. .

.Techniques of several kinds are permitted by 'the principles just discussedand are used for the anafygis of biological particles. In turn, some of thetechniquis may be considered for separation of relatively large quantities ofbiological substances. References 12. and 13 contain descriptions of the prin-cipal methods. -ik brief*destription of the techniques follows: .

CroAed or orthogonal electric and laminar flow fields .provide an effective i

analytical and separation procedure for many kinds of particles as discussed irl.e"-
-Referencess.f20and.13, and particularly by K. Hannig (Reference 12) who makes
clear the modifi6ations in design andperformance afforded by redUttion of
gravitational forces. .In this apparatus; 'laminar fluid flow is confined between (

.
.

two rather Closely,spaced flat plates. Electrodes at either side produce a
homogdnebus.electric field inthe electlyolytp, which flows normal to the field.
Particle* to be separated are introducda4kt Vle upstream efid and removed,at
selected ports along 'the edge at the downstrem'end, which is a distifict adyal?-
Cage for preparative purposes. This technique separates particles on the basis
of'theifcharge and mobility. 'While in principle pH and ionic strength could be
adjusted to vary normal to the flow of the electrolyte, it is more difficult to
simultaneously vary the viscosity in a controlled 'manner. Thus, some of the more
subtle differentiations of biologic particles will most likely. not Ire done by

. -
4 .

this method: -
.

. -,,

Given adecluate differentiation of'.particles for selected constant electro-
. lyre properties, the main factors that decrease resolution are associated !

directly or indirectly with the walls. AS mentioned before gravitational forces
influence apparatus size. Viscous drag, elettrokihetic effects due to charge,

,
'

distributions nee the vial' (that diffey from.those.in the bulk solution),;, and
temperature gradients affect.particlevelocities in the laboratory frame of :

reference rather significantly. For a givenoelectrolyte, wall Materialgand
treatments may be chosen tominimize electrokinetiC effects. On the other hand,'
jOule heating of the electrolyte causes a temperature differential between the
center and the wall and results in convection, if, gravity and density changes '

exceed certain values. In the absence of gravitationallorces, a temperature
rise affects viscosity and mobility, which may not be serious, and biological .

and biochemical behavior, which may be very serious. 'Experience in developing
the M-570 Skylab experiment_ (Reference 11),' later verified by.K. HannigTh
(Refkrente 12),has established that in the absence of gravitational forces,
'practicable wall spacings may, be increased from 1. or 2 mm to between 5 and 10 mm.
Thus, resolving power and throughput may be'increased significantly. To the
Panel, this design improvement seems significant, at least for particles that

anare well characterized as to mobility and charge * .

Another technique .
..

uses columns haying.a stationary electrolyte in a
.

longi-
tudinal potential gradient that separates particles into groups moving at equal
speedg ,(isotachophoresis). In this case, with gravity present, 'sedimentation
interferes. -Further differentiation of particles having the same Charge- .

mobility product may be needed. In such a column, gradients of viscosity, pH,
,

and ,ionic strength may be introduced .to provide additional differentiation. ,

Simple demonstrations of electrophoretic.notion and. separation using the moving
.

-

.
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boundary method were done on.Aliollo flights 14 and 16 as forerunners of futureN
experiments. The results re not decisive but they appear to he favorably. ih -,

.

J
dicative. '

A third technique introchkces regionsof controlled pH which, for given
-, ionic strength, trap particles having acid-base properties such that they are'._..

nat-charged)at the given pH. Acid-base equilibria rather than charge and mobil-
. tty provide*differenkiation inthis methdd. Again, sedimentAtiOn resultfng from

gravitational forces interferes.
.Clearly, variations on these techniques, together with.many other pOsskbil

ities (depending on the physical-biochemistry of theparticles and on the degrees
of_freedom added by the absence of gravitational forces). are possible. worth
exploring are the possible advantages of avoiding solid walls altogether,-except;
in electrode regions% Liquid-gas and liquid-liquid. interfaces widep.the posii- ...

bilities for modifying interfacial charge diStributions (zeta 1potenti'al) and
thus, flow near interfaces. While these.pumerous effects and variables offera
rich field of research and the poSsibility of many refinements in preparative
techniques, the task of selecting optimum conditions for.space, ronsging is
formidable. Of course,'workels inthe field are fam±/iar with these and many
other considerations. A major point of this4)Scussion,isthat;the many patep-0
tially useful phenomena and relationship niust4be translated into engineering.,

COMMENTS ON FUTURE PROGRAMS
'

Philosophy of Approach

It appears to'the Panel that at the present time one has the difficult and
largely'subjeCtive task of trading off between rather different kinds of
approaches, the extremes, of Whichmaybe indicated as Tollows' (1) select one. .

or two PrOcesses for abeyt al many products and systematically determine rela-.

tionships among basic process variables andoparameters of the type-previously
outlined as required for successive scale-up of pro4uctionorates; (2) make prt-
liminary trials of fairly large numbess of techniques dnd aterials with the
hope of both finding reasonable process conditions and producing at least one
important biomedical material'oeffAt in at least 3ne experiment.

The total possible 'lumber of process variables is very large and the number
of biochemical-electrolyte variables Associated with living cells can be gnormops..
Before processipg experiments can be carried out in space, the number and rangg,
of the, variables must -be minimized around an expected 'optimum. ;Thus, the Panel -

leans toward the first approachsketched in th preceding paragraph.

However, -room for intuitive.exploration d serendipity must be provided
because not all of the important possibilities an be included in any single'
approach. As a proposal for discussion, the P el suggests that enough effort,
including optimal experimental design, be put on separating reasonably well-

.

characterized cells to settle crucial.questions about techniques and conditions
for processing cells in the space-en4ironment. Selection might be made by a .

mask force of knowledgeable and inventive biochemical and medical researchers,.

In addition, about one-half as much support might be placed on wider exploration
of techniques, phenomena, and materials. Use of gravitational forces, as mell
as quantitative prediction of the results.of reducing them in separationpro-..
cesses, 'should be exhaustively treated.

0
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The Papel notes a moral question connected with a narrow choice of bio-
medical praducts.- this chqice affects the lives of a partidular set.of'patients
and medical practices, perhaps to,tthe neglect df other sets. Thus, tht choice
'is\arpimportant one.

Selection. of Electropharetic .PAcessies

, .
The Pahel has learned from the literature and discussion"that the techni-

tort

que using orthogonal, electrical, and laminar flow fields, callea,continuous
flow electrophoresis,14s preferred on the basis that continuous operation favors
throughput and that wide spacing of 'the walls to betifeen 5 and 10 mm will reduce'
wail effects,suffiCiently to provide'adequate.resolving power. This'issue of
trading off'increases of temperature in the solution (dud to distance for heat
flow and no convective transport) against reduced wall effects will no doubt be
settled in ground-based aboratories and at'op.timized spacing used in orbiting

.a
vehicle.'

.
. . ,

. .
, .

Insofar as andlysi s'and Characterization are concerned, the Panel's pie-
.

liminary opinion is_that.the unique physical-biochemical condttions afforded b '

reasonably independent adjustment of vis;osity, pH, and melecUlir and ionicc t

position (including their variation with position in the cell) will be taken *;
.

advaritage'-of to resolve particular biological questions* Hopefully, compiemen-
tary.edrth-based studies will maximize the numbgr and importance of results from
atarogous experimentrin orbit. Quite likely; ome of these analytical techni-
'ques'will lead to production methods',-- particularly for the.splcific biomedi 1

substances that respond to'the features of the analysis. -

Dr. A. L. Rubin made it clear in Panel discussions that the success both
. of the research and development, leading to productionof biomedical materials.in

Space and of the health service'made possible by this research depends entirely.
on haying the techniques, procedures and skills'for preparing, preserving, and
delivering the required substancps. The Panel i aware that the pharmaceutical
and medical product industries', hospitals, and the medical profession'are verse0

baimportant therapeutic, will pr lky

in these matters., However, an advance such as separating, culturing; and;x-
ploiting special cells to produce an
be greatly 'facilitated by increased interdisciplinary and inter=insItutionali
collaboration, perhaps_to the extent that new disciplines and institutions will
appear. / v .

.,

Several biological experiments are planned for the Apollo Soyuz Test'Pro
gram (ASTP). These varied and preliminary experiments.may be expected to, pr' de
valuable guidance totflure studies.

.

1111111

ELECTROPHORESIS IN NONBIOMEpICAL SYSTEMS

Several nonbiomedi.cal systems may benefit from electrophoretic experiments
in zero-grayity environment. These systems include suspensions of-wood pulp
fibers used in manufacture of paper products; suspensions of'clays, of importance
to soil scienres, soil,engineering,.and water softening; and complex suspensions
of qil, sand; and water encountered in oil shale exploration. Nale of these
systems appears to warrant high priority compared to biomedical systems.

r
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Although terials processing in space has been the'charter of a separate

. .

. . panel in the 1974 summer study, the various devices Used in carrying out the
mission of several' of the other panels, such as.Uses of Communications, Weather

... and Clitate, and Land Use Planning,* are ultimately based on advanced electionic,
optical,.alid structural.materials. Research and development on materials pro- '

cessing in space is' characterized bjr an interplay between striving toward new /

or improved materials and'the phYsicoqbemical phenoiena involved in their
synthesis (just as it is on earth, the principal differeri6e being the magnitude
of the gravitational force). The very process of synthesizing,a net./ material
often leads to recognition of anew phenomenon and, conversely, the application
of a newly recognized phenomenon in preparing a material nay lead to a substance
with new and sometimes unexpected chlracteristics.

THe absence of'gravitational puff may be expected to llow us to improve'
those char teristics of materials that are adversely affe d by gravity when

/4processed'on earth, for example, crystalline perfection, 11.7.v.e3ity of precipita-
tion in multiphase skstps, and purity. But, just.as import A the absence of
gravity in space may reveal phenomena based on forces (such as, for example
surface tension) that are overshadowed by grax.ifationar effects in earth-bA;ed

processes. , , :,n....../s" . . .

any phenomena and the preparation of many materials are thus expected to
be influenced by the absence of gravity. However, in 'its lelection of model

: systems and model phenomena for experimentation, the Panel has restricted it-
self to only about half a dozen high-priority items. This rationale is.based
on the opinion that results from the few high-priority experiments suggested

invariably lead to more experiments and more.deas for follow-up, as is
characteristic of divergent exploratory research.

.

At the same time, several of the experimeilts chosen involve-materials of
;

tignificant 'commercial potential, so that even preliminary results of basic
scientific nature may yield significant guidance for how to better utiliie and

- ...

*Panel on Uses of Cofmunications, Panel on Weather and Climate,. Panel on. Land
Use Planning. Practical Applications of. Space Systems,. Supporting Paper 2:.
Report of the.Panel.on Communications; Supporting Paper 1: Report Qf the Panel
on Weather and Climate; and Supporting Paper 3: Report of the Panel on Land
Use Planning. Reports tq the Space Applications Board of the National Research
Council. National Academy of Sciences, Washington, 1975.
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proCess these materials on earth. 'The' Panel Ass also attempted,, insits selec-
tion of high - priority experiments, to include materials of several cladses:

elemental and compound semiconducters having narfow energy.bandgnps,c00pound
semiconductors having wide bandgaps, single and multiphase systems, and metals
of high and low melting'point. The selection was made on the basis oftexperi:-

ments already performed on Skylab,- those proposed for the ASTP flighty)and
/,

ideas generated, during the TO'nel !sessions. 0 ..% 0,,

Another factor that must,bef:Considered in the seleCtion, execution,, .ford
utilization of materialszyntheiis, on earth as welras'in ipace,,iS that one
small improvement and/or observation leads to another, often in a.firandpm walk"
pattern'. The Panel, therefor4-believes tnt greater benefit would come from
'a large number of'small and 4dium size experiments than frOM a'fbw large or
)81abbrate ones: TRe Panel aiSo.believes that for each popoged experiment to
be carried out in space., th0-e.should be o concerted effort td try.to achieve,
thesame.or betttr result,on earth. 4n fact, the opportunity,tocOMpre results (I
obtained in space and on earth initially may be the most important benefit from i

.

the space experiments. 'J. . .

+ti
:. _

:
VAPO `'TRANSPORT GROWTH:OFJONGLE CRYSTALS

f

There is signific nt inerest in vapor transport proc s for the growth
of single citstals; f example; this technique,4 importahtin the preparation -.
of semiconducting and insulating crystals and thusis commeAiAl
.interest. One, parameter of importance-4s the ef14t of tOgpct4pn groviI1,4

region caused by de ty and temperature. gradients. GonSequen Itheri,XS40.
'reasonable prpbabili y of significant differences in the growth gocessi,pt.the.
earth and the. space vi:ronment. This phenomenon was investigated in Skylab -e

processing experimt, 04-556 studying vapor growth of germanium selenide and
germanium tellurideiin closed ampules using a halogen transfer agent,. The 1

results indicated some measurable differences i the mass transfer ,rates and
crystal quaiity. The opinion of the Peel i at this general,arqcof research'
should be explored:fu then; 4weVer, it is d. med prudent to study .a syStem for
which there is beete nowldlige'of growtht,parameters and drystal.gradients in

ground-based expefmentso(and one which.is also-of greater practical interest).'
qt-was recommended that gallium arsenide be grown by vapor transport in a

closed.ampule wi' g halogen transfer agent. Two clisses of experiments 7- self-,
nucleated cryst4 growth and seed-nucleated .crystal growth -- are suggested.

0
IMMISCIBLE METAL ALLOYS

. . ,, .,-

. , ,.,.;

The are many metal alloys whiCh exhibit immiscibility in the liquid
phase.1.1t sh

on a afie sca
suspedded ph

Id be 'possible to obtain these liquids as two-Thase suspensions

in space. It is expected that 'in -zero.grayity, ,the size of .the

es wj.11 be limited by Ostwald_ripening rather than by gravity-
assisted agglomeration as in ground based experiments. Prelimillary.experiments

on Skylab (e g., M-557) have indicated that solidification-of such a fine two -
phasd suspe ion can result in phases whbch'are not observqd in pound-based ,

expekiments/ If this result is substantiated, it opep up the possibility of .t
obtgining variety of new phases, dispersed on a fine scale...It isjmpossible

4
t V
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to predict at present which of these new alloys will' be
w4ch ,bftheir properties will proye to be uniqiie. How
thasthis method of preparation should be pursued with

t with unique properties.

J

*

import t or, indeed,
ever, the Panel. believes

i view to obtaining alloys,

MECHANISMS OP GROWTH FOR SEMICONDUCTOR "CRYSiALS

. ,

:The growth rate and;interface -shape of a ,semiconductor crystal can .be
measured and delineated bY using a timed sequence. of short-duration current
pulses- through. the growing crystal. These pulses produce a brief increment of
Axicreas'ed or decreased growth.rate- due to Peltier heating or cooling. These
effects can subsequently be revealed Oh sections of the crysfai by etchingor,
other methods'. In extensive ground-based experiments, these methods have given
incleased understanding of facet formation during crystal growth and of'the
inter-relatiopshp between convection, growth rate fluctuations, 'and the distri- '
bution. of. impUriti.es and dopanzs. in the crystals. .These experiments shOtlyi be
conducted in a zero- gravity environment to exasAbe faceting, effects and the
distiibutiOn of imPurities in the absence of convective effects. Indium antic
monite and germanium are 'suggested as the most suitable model systems.

..-

NLIDIFICATION IN SPACE ENVIRQNMEgtS AND PREPARATION
.OF 'DISLOCATION-FREE METALS

.

The space anyiro4Menf has tilTee unvue, fe a*Pixtes _ which rel4tp ,To,solic4fIca7,_ _

turn; the absence OT.gtavitational fOres on t,heso/id'phase4 tIte
levitation and Cons'equent'sondification of a liquid without a suppOrting*1
and the absence of convection =.4. the liquid due.. to :-depeity and temperaturegradints.Ci

In the case of metals,. which are extremely_Weak.at their melting poinp,
itational fields and metal-mold forces...pie to "the, disparity in thermal expan-r- . _

sign coefficients may cause'yiasfic. deformation during solidification with the
intrdductiOn of dislocatikfts.' There`is presently interest in the piodUction of
dislocation -free metals for basic metals physics studies. One appzoach On earth
is the use of well - controlled dolidification conditionsawith very soft molds s9
thatrtlie mold deforms in preference to the metal. The 'Panel suggests that

a measurable improvement ,in disloCationddensi4ies maybe attained be lgyital'.
tidn melting in space environments, foLlowed,by seeding and heat-sink processes.
Preliminary ,results, indicating some 'promise., Were 'obtained on Skylab.

It is .proposed )hat experiments, in contraled solidtficatien processes be
d

made,on several metals suph as tin, silver, tungsten and beryllium. The former
to are chosen as model systems, whereas the latter are chosen for\,the interest ,

,ill the preparation-of high quality tungsten as targets in X-ray tubes' analthA-
possible applications of. high quality_ beryllium for neutron, spectrometers.

1/4
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OTHER EXPERIMENTS n

In addition td the experiments already discussed, there are several areas.
where there exist possibilities for significant experimentation. We have not
been able to identify' particular experiments in these areas, but would not like
to 'preclude the possibility that those. can be deviied,....00ne is in the area of
,certain special purpose glasses or ceramics, where tontainerless processing may
have'some advantages such as reducing impurities'and reducing heterogeneous,'
nucleation. It is noted that convection is normally not a problem in glass pre-
paration beca of the high viscosity of the melt. It is also noted that in
Conventional cessing of glasses, gravity serves to eliminate bubbles. If
processing f glasses or ceramics in 'space appears to have advantages, this
and possibl cOer problems arising from the absence of.gravity will have to
be addresse .

Anoth area is purification where containerless processing may provide a r

viable alternative to crucible methods, and where earth-bound levitation methods
cannot be 'applied.

Convection is know to play an importantrole in the structure of castings.
Convective effects can often be controlled adequately on earth, but there is a
possibility that careful experimentation in zero=gravity will lead to new in-,
sights into casting processes.

Other phenomenal especially those relating to fluid mechanical effects, are
worthy of exploration in_zero-gravity. These include the effects which are masked
or diminished on earth by gravity-driven convection, such as the.Marangoni effect.

The synthesis .and handling of ultra-small particles is currently of interest
to `the materials community, and zero-gravity appears to provide unusual possibil-
ities; however, no systems and experiments are identified at present.

NO advantages could be identified for attempting ,to synthesize membranes.in
space for biological applications. Polymer processing, which is by and large a
bulk processing industry,. is unlikely to find any a4rantage.ih space processing.

Directionally sokdified eutectics show promise for,use in high-temperature
turbine blades. 'It is not clear at present how space processing 46uld signifi-
cantly affect this technology.

'Composite materials for structural applications made by incorporating fibers
into a matrix uAlally have,a sufficiently large volume traction of the fibers
that sedimentation is not a problem. Similarly, fine particle dispersions for
strengthening do not present serious sedim4ntation problems.

It is considered at present that silicon technology is well adpnced and
" it is unlikely that processing .at ,zero- gravity could Piave a significant impact

on this technology. In addition, the electronics industry uses primarily thin.
film and epitaxial methods fot semiconductor processing. Space processing is
unlikely to have. a significant impact on these technologies. Power dAltuits could
conceivably.benefit from increases in the size and perfection of silicon single

.crystals. At present, silicon crystals of 1S cm in diameter have been gron on
earth. Until such crystals.have been used in'practical devices, the panerldoes.
not recommend trying to groleven larger crystals in space. o

It seems reasonable toxpect that continuing studies and searching for new
opportunities will be emphasized in ground based research by NASA, industry, andresearch
university groups during the.coming year.

4.,
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DISCUSSION

4

The experiments which have been outlined were selected because they would
provide general information about phenomena and processes in spice in-additidn
to the intrinsic merit. In instances in which they lead to interesting results,
these experiments' skould be pursued in a manner to maximize their impact on our
ability 6 manipulate andcontrol material properties.' .f11

The Panel cannot,'at the present time, identify with assurance any specific
space'processes which it would, expect to lead to well- defined cost savings as
compared with processing on earth.' The rate at which such processing will pro-.

jt gress can be predicted within certain limits. For example, the Spacelab experi-
ments will not begin until 1980; presumably, iome*ime will elapse then before a
particular process is identified and.demonstrated as feasible and advantageous
for space manufacturing. In the high technology industries, there is usually a
period of Wyears between this point and when the item- is in manufacture. For
space processing,this period could well be longer because of the intermittent
nature of the opportunities for research and development activitiesin space
flight. Thus, in the' opinion of the Panel, it is likely ta'be well into the
1990's before profitable manufacturing in space is eren a possibility. This time
lag clearly affects the potential return on investment for research in this area
and indicates as well that space processing, will Walt to be competitive with the
ground-based manufacturing technology which will exist twenty.years from now. ,

Although reasonably accurate cost and benefit analyses can be performed for
contemporary space missions and acceptable approximations are possible for the
emerging areas, materials processing as Vuture activity in spaceesufferefrom
the lack of an adequate data base on whin to formulate a credible cost and
benefit,,analysis.

Specifically, the semiconductor, oPto-electronic, an other specialty mate- .

riaks industries are growing and Changing so rapidly that the, validity of esti-
mates based on what we know in 1974 would be highly suspect during the research
missions of the 1980's and might be totally misleading for the processing mis-
sions of the' 1990's. Yet the most interesting. developments in space processing
of inorganic Materials are in-these special materials.

Perhaps two examples, the transistor and the laser, will best illustrate
the character of the specialty materials industries. Forecasts of the dollar
volume of transistor-based commerce in the 1970's, made in the late 1940!s when
monies were being alloted for research on development of the transistor, were
grossly underestimated. In the case of the laser, estimates made as recently-as
ten years ago are not valid today.

Materials of interest to the specialty materials industries include;.

Certain compounds of elements such as gertilanium, silicon,,
gallium, and arsenic, which are used in microwave devices,
semiconductor lasers, infrared detectors, light-emitting
diodes, Cold emission cathodes, solar cells, thin film
optical circuits, bulk and semiconductor devices and
radiation detectoi-s.

17
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Certain sfecialty metals and alloys, including tungsten
used in X-ray tube targetel beryllium used in neutron
spectrometry, and super-alloys for a variety of uses de-

' mending good characteristics at high temperatures and
great mechahical strength.

Certain materials used or superconducting elements, such
as alloys of niobium Ad tig.

The total commerce based on just the listed semiconductor, opto-electronic, -

and noncommodity solid-state materials can be roughly estimated to be between
1 and 5 percent of the nonservice part of the gross national product today and
is known to be growing faster than the nonservice part of the GNP. Taking
$1000 billion as the rough figure for the GNP today, if 40 percent of.it
($400 billion) constitutes the nonservice component, the Panel believes that cdm-
merce using the above materials in one way or another today represents about
$4

Assuming that space processing will' affect 1 percent of the applications
of solid-state materials -- an assumption the Panel believes is conservative --

there.is a letrerage of between .$40 million and $200 million of products.
Assuming further that in the affected applications,.spate processing will produc e.
a 20 percent improvement in cost (better yield, better quality ", higher power,

etc.), the Panel estimates a potential yearlylincremental benefit of between'
$8 million and $40 million, or a cumulative $4 million and $240 million for six
years- The'six-year cost ofthe space processing flight program discussed subse-
quently in "Shuttle and Spacelab Flight Program Costs," including both inorganic
and biomedical materials, is/estimated at $1.20 million (excluding flight costs).
If approximately one-half of tiat $120 million is allocated to biomedical exOri-
ments, this leaves roughly $60 million as the cost for inorganic materials. If
the Panel,is correct, that its estimates have been conservative, and noting that
it has .not taken into account the growth of the industry and.any fallout benefits,
the Panel believes that the-cost-benefit ratio for space processing of inorganic

'materials can be expected to be quite favorable:
16
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FLIGHT PROGRAMS AND FUNDING.
1.

L.(

SOUNDING ROCKET PROGRAM

A brief-review of the Rlanned NASA program for materials. processing using
sounding roc is was conducted by the Panel. Sounding rockets appear to have
signific value to provide needed flight opportunities for the time-interval

.

between 19 5 and 1980, that is, between the Apollo Soyuz Test Program and the
first Space Shuttle mission. The Panel selected as most likely .prospects fo the
sounding rocket program experimentsin electrophoresis, immiscible alloys, solidi-
fication, and levitation. Results from these experiments will serve to comple-
ment ground-based research in progress during this,time-interval and will provide
excellent background information for the planning of more advance4 and sophisti-
cated experiments to be done in Shuttle mfssions in the early 1980's.

1

9 UTILIZATION OF'SHUTTLE Aft SPACELAB ,

,.. ..
.. t,

In order to carry out the envisioned research and development activities,'
on materials processing in the Shuttle/Spacelab gra (1980 and on), three types
of flight opportunities are required, as described-below.

.Spacelab Missions A

The equivalent of two dedicated Spacelab missions per year should be made
available to accommodate materials processing payloads located in the habitable
portion of Spacelab and on the pallets. .The experimental equipment, which it
is.expected would closely resemble that of a ground-based laboratory, would
fully capitalize on the presence of 'an experimenter who would control experi-'
mental conditions, and change thee as required, observe the experiments in pro-
gress, and occasionally consult with principfl investigators located on the.
ground. It is postulated that the optimum flight frequency from a user, view-
point would be about four to eight flights per year, each of which would .

require about one-fourth to one-half of Spacelab mission resources (weight'
volume, crew time, power, 4etc.). The mission could thus be r'

compatible.

anothe
discipline (for example, astronomy) if they were mutually compatible.

.
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Th0 materials processing payloads would be composed of equipment to 'do experi-
,ments in all p.romiting areas of research; hbwever, specific flights should be

'planned to'emphasiift experiments in individual areas such as biologicals,
metallurgy, etc. It is anticipated that some of the payloads will require
large amounts of electrical power*(and corresponding .thermal rejection), and
it may be expected that additional power or thermal rejection kits will be
required as part of the materials processing.-payload.

Automated Materials Processing Kit Missions

Many materials processing experiments could be preplanned on the ground,
carried out in space with a minimum involvement of the flight crew, and returned
to earth for analysis. It is'envisioned that such experiments could be prepared
in the form of an automated materials processing kit which would include neces-
sary support systems such as power or thermarrejection. This kit4Would remain
in the Shuttleopayload bay for the entire duration of the mission and would
traveias a companion with anther payload, such as an automated satellite to
be deployed, or even a Spacelab. During a given portion of the Shuttle mission,
the payload specialists would activate the experiments remothly from inside the
orbiter and shut down the systems at the conclusion of the efPpriment runs.
It is envisioned that such a kit'would be available at the launch site and
flown as frequently as payload bay volume, mission, or other constraints would
permit (thus helping to optimize the utilization of.the Shuttle). Plans should
be made to include such a kit at least twice a year. The' kit would probably be
packaged in.thp shape of a. cylinder about 4 meters (14 feet) in diameter (pay-
load bay diameter) and about 2 meters (7 feet) in length.

-7

Carry-A1 Experiments

Plans should be made in the materials processing program to accommodate
small carry-on experiments qp a space-Available basis o4 Spacelab miss ions. It

is estimated that such carry -on experiments would weigh approximately 45 kilo-.
grans (100 pounds) and would require minimum electrical power and payload
specialist involvement.

In comparing the above three types of materials processing missions with
the existing Shuttle and Spacelab capabilities, no conflicts are found.

Shuttle and Spacelab Flight Program Costs

Based on costs providedby NASA personnel, estimates have been made of
funding requirements to carry out the recommended Shuttle and Spacelab flight
programs and are shown in T le I. Launch*costs'are,included. The total cost
of the initial six-year t program is estimated to be $240 million. Of
this $240 million, tp roximately half is for launch costs and half is to build
and operate the materials processing payloads and to fund principal investiga-
tors. It should be noted that the costs of NASA's ground-based materials pro-
cessing program and the sounding rotkit program are not shown on this table.
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Materials Procesiing R&
\

D Base

The cost of NASA's ground-based research and development program .on
materials processing as currently planned (Reference 18) is approximately'
$3 million per year. In view of the fact that the Panel has recommended an
aggressive applied space materials research program for the 1980's, and at the
same time has felt that in several of the proposed research areas, the ground-,
based background work has been inadequate, the Panel has considered whether the
level of effort in the ground-based program is sufficient. The R&D base must
serve several functions including: provide analytical studies and ground-based,
experimental research on high-potential material systems (including model. mate-
rials systems); develop new technology on space processing techniques, such as
design of experimental space furnaces; provide cost and benefit studies on
promising space-processing applications; provide consultant services with
prominent scientists on an individual and group basis; support advisory panels
to periodically and/or continually advise NASA in general and specific flight
plans, etc. In summary, the R&D Base is the foundation of the flight program
and must serve as the instrument for identifying and evaluating original iddts
and .concepts for inclusion in the program.

The'Panel recommends that NASA's R&D base program on materials
processing be increased beginning in fiscal year 1976 from the

,anticipated $4 million per year to about $6 millitn per year
and be maintained at that level each year thereafter. The Panel
further reconvnends that in the formulation of-this program each
year, ideas be solicited from as wide a sector of the materials
science commnity as possible.

4
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' SUMMARY, CONCLUSIONS. AND RECOMMENDATIONS

4. A

During its two weeks of, intensive deliberations, the Panel on Materials

Processing (which included in its membership some scientists and materials

engineers who had previous experience in the program for processing materials

in space and some members who had not) concluded that while the program is cur-

rently in an embryonic stage, there is a very high pitobability that substantial

benefits will be derived from processing certain critical materials in Space.

These potential benefits cannot be confirted or achieved, however, without pre-

liminary exploratory research in space, complemented by extensive ground-based

'research.
Proposals for experiments which have been submitted to NASA to date are

not viewed as necessarily an optimal selection. The Panel has, therefore, sug-,

gested a more litited selection of experiments which, in its view, have the mail-

mum potential benefits for useful processing of materials in space, for leading

to improved ground-based processing, and for increasing our knowledge of mate-

rials and processes. The experiments to be performed in space should be subject

to careful review by members of the applied materials research community. The

Panel believes that substantial savings in the program carrbe affected by dis-

crimination in choice of experiments.
The Panel has identified knufter of areas of materials processing of signi-

ficant importance on earth which, in its opinion, are unlikely to be subStantial-

ly affected by experiments in space, and thesehave.been mentioned without de -_

. tailed review of the considerable deliberations leading to these recommendations.

For example, it seems clear to the Panel that spate processing. bulk, Law-cost

materials will never be economically feasible. Furthermore, there'are no current

manufacturing processes (as distinguished from rials processing) for which

the Panel-has been able to identify a clear- advantage of manufacturing in the

space environment.4

CONCLUSIONS

krom,its work in this study, the Panel on Materials Processing in Space has

arrived at the following specific conclusions: , t

A vigorous:and systematic research and development program is needed

to define the potential human benefits from processes fot separating,

23
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I

characterizingand analyzing bio edical materialsiin the abSence of
significant gravitational forces.

Possibilities for separating several biomedical entities, each of bene-
fit to thousands of patients, can.be identified.

Of several conceptual processes, priority should be given to process-
ing techniqdes that involve electrophoretic motion of living cells-,
biological domplexes;'Indemolecules through selected electrolytic
solutions in .electrical (and other) }potential gradients...

The number of'process variables is so large and in some instances so
ill-defined that the design of definitive experiments is a very
formidable task and will benefit from interdisciplinary effort and
review.

. ,
.

It must be eXpected that the lead time to realize extensive po.tential
Socioeconomic benefits (except for possible significant demonstrations
will be more than 15 years. Early costs will probably bp very, large.
Conventional cost-benefit analysis probably cannot be done vseful y
at this embryOnic stage in our understanding of4the effect of
space enviionment on the processing of materials.

sIntegration of space processing with pre- and'post-flight pros dures
and policies requires such extensive interdisciplinary and int r-
institutional arrangements that success of the proposed program is
likelY to brihgabout new disciplines and institutions.

During early. stages of materials processing development in space, the
- design and conduct of definitive experiments will probably demand con-

. centratingmajor support on one or two processes and products.:Perhaps
'approximately one-half as much support (one-third of the budget for the
program) should be reserved for intuitive and serbgdipitous research,

.

RECOMYMNDATIONS.

It is apparent that during the past decades only a small fraction of the
materials research community has been drawn into the program in materials pro-
cessing in space or has even been aware of the 'opportunities. The Panel recom-
mends that 17ASA take the following steps to rectify this situation:

A general review article on the current status of space experi-
ments on materials should be written by a prominent member of
the materials science community and published in a popular and
widely circulated journal (such as Scientific American).

S

35.
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NASA should invite the Committee on Solid State Sciences of the
National Research Council to devote one of its semiannual meetings
to space-related materials research and engineering. This meeting
should be held at one of NASA's Research Centers.

A standing Advisory Correnitteeof prominent materials scientists
should be formed to review progress in this field continuously
and to make recommendations to NASA.

An outside peer group i.eview system for evaluating proposals sub-
.milted to NASA (for example, in response to "Announcements of
Flight Opportunities") should adopted.

NASA should sponsor an annual conference to review progress in
this field.

A few key phenomena and systems have been selected as the most promising
for future Spacelab studies using as criteria the impact,upon blsic science,
the probability of being favorably influenced by a space environment, and the
impact upon socioeconomic benefits. AS previously indicated, the probability
of coif effective exploitation of space processing for these individual areas
cannot be quantitatively estimated at the present time. However, one must
qualitatively characterize space processing as a relatively high-risk high-
payoff area.

It is recommended that:program flexibility and objectivity be
maintained for increasing or decreasing various aspects of the
'program as._the Spacelab results of the future become available.
It is deemed essential to haVe a competent and impaPtial review.
panel to assess the merits of specific aspects of the program.
It should also be clearly established that, with the present
assessment of space processing of materials, funding for this
program should innoq.)ay compete with .present and .future
research and development funds for nonspaae research, in materials.

CIeai definition of cost benefits related to the proposed program of space
experimentation dedicated to applied research and processing in space is very
difficult at this time because of lack of quantitative information. However,
assuming successful accomplishment of the objectives reviewed in sections
"CurFentUserNeeds," "Biomedical Applictations," and "Processing of Inorganic
Materials," it seems clear to the Panel that the magnitude.of the impact, both-
in dollars and in beneficial effects for human life on earth, can be very high.

36

25 '

0



a siZ&ER NCES

4

0

3 1. .Manufactur-ing Technolo Unique to Zero Gravity Environment. Conference
held at NASA Marshall pace Flight Center, NASA-TM-X-62504. November, 1968.

2% Space Processing Manufacturing., (Collected papers). ME-69-1. NASA
Marshall Space Fl ht Center,'October 21-22; 1969.

3. Bannister, T.C. Heat F,ow and Convection Demonstration (ApollO 14).
NASA TM-X-4473 . NASA Marshall ,Space Flight Center, March 29, 1973.

,
. ,

4. McKannan
i.
'E. ., Krupnick, A.C.; Griffin, R.N., and McCreight, L.R.

Electropno esis Separation fm Space: Apollo 14. NASA-TM-X-64611, NASA
Marshall :pace Flight Center, August *29, I971.

5. Yates, .C., Jr.' Apollo 14 Composite Casting Demonstration. NASA-TM-X-
64641 .NASA.Marshall Space Flight Center, October, 1971.

6. .Sny
X

r, R.S. Electrophoresis Demonstration on Apollo 16. NASA-TM-X-64724..
A Marshall Space Flight Center, November, 1972.

7. :amiister, T.C., Grodzka, P.G., Spradley, L.W Bourgeois, S.V., Hedden,
and FacemireN, B.R. Apollo 17-Reat Flo z:; and Convection Experiments:

Final Data'Analys'as Results. NASA-TM-X-64772. NASA Marshall Space Flight
Center, July 16, 1973.

8 Bredt, J.H. .New Space Processing Experiments for the Skylab hissions.
Payer presented at. the 23rd International Astronautical Congress, Vienna,
Austria, October 8-15, 1972. NASA Manned Space Center, Houston, Texas.

Preiceedings: Third Space Processing Symposium: Skylab Results. Vol.
and II. Experiment .5.51: Metals Melting, p. 85; Experiment 552: Exothermic
Brazing, p. 33; Experibent 553: Sphere Forming, p. 101;. Experiment 479:
Zero Gravity Flammability, p. 115; Experiment 556: Vapoi Growth of IV-VI
Compounds, p. 235;Experiment 557: Immiscible Alloy CompOsitions, p. 133;
Experiment 558: Radioactive Traa'Diffusion, p. 425; Experiment 559:
Microsegregation in Germanium, p. 375; Exp6riment 560: Growth of Spheri-

' cal Crystals, p. 257; Experiment 561: Whisker Reinforced Composites,. p.
203; Experiment 562: Indium Antimonide Crystals, p. 275; Experiment 563:

27

37

400



.

Mixed III-V Crysta rowth, '301; Experiment 564: Metal and Halide.
Eutectics, p. 469; xperiment 565: Silver Grids Melted in'Space, p. 159;
and Experiment 566: Copper-Aluminum Euteptic, p. 457. NASA Marshall
Space Flight Center, April 30-May 1, 1924.

10. Bannister, T.C. "Skylab Science Demonstrationg," Proceedings: Third
Space Processing rposium: Skylab Results. NASA Marshall Space Flight

' Center, April 30- ay 1, 1974.

11. Preliminary Proceedings: Third Space ProceSsing Symposium: Skylab Results.
Vol. 4n4 II. NASA Marshall Space Flight Center, April 30-May 1, 1974.

12. European Views on Processing and Manufacturing in Space: European Space
Research Organization,, June, 1974.

13. American Institute of Biological Sciences, Panel on Electrophoresis in
Space. Final Report on NASA Contract No. NASW-1901: June, 1974.

14. Space Processing as Ilelated to (1) Fluid Mechanics and Heat Transfer,
(2) Containeness Processing, (3.) Solidification of Metals and Semi-
conductors, (4) Preparation of Glasses and Ceramic Materials, (5) Elec-
trophoretic Chemical and Biochemical Separation Processes. Prepared for
NASA under a grant to the Universities Space Research Association, NGR
47-102-003. April 15, 1974.

15. McCreight, L.R. "Use.of Shuttle
Experiments in Low G." American
Payloads Session, Proceedings
SckFe and Technology.. Vol. 30,

for Manufacturing and Materials Process
Astronautical Sodiety, Space Shuttle
the Symposium, December 27-28, 1973.
1973, pp. 211-230.: .

16. Reference Larth Orbital Research and Applications Investigations. NASA
Handbook NH& 7150.1, January 15, 1971. .\

1,7. Reference Earth Orbital Research and Applications Investigations, Mate-
rsals Sciences & Manufacturing, Volume 6. NASA Handbpok NHB 7150.1,
January 15,. 1971.

18. The Space Applications Program, 19Z4: The Space Processing Program.
NASA Office of Applications, Washington, D.C., May, 1,974.

28
-

38



I
1 r

Ii

fjt

4

1.

t

. 1 ;

f

BIBCIOGRAPHY '

,

. Abstracts: Third Space Processing Symposium: Skylab Results.

NASA Marshall ifoliace Flight Center, Alabama, April 30-May 1, 1974.

Automated Space Proceising Payload Equipment Study, Vol. 1-3.

Report do NASA Contract No. NAS 8-30741. Aerospace Systems Division,

Bendix Corporation, Ann Arbor,, Michigan, January, 1975.

Bloom,H.., et al. Study for Identification of Beneficial Uses of Space.

Final Report.on NASA Contract, No. NAS 8-28179, Phase I.' Missiles

and Space Division, General Electric Company, Philadelphia, Pennsyl-

vania, December 10,'1972.

Bloom, H. L., et al. Study for Identificatiori of Beneficial Uses of Space.

Final Report on NASA ContraceNo. NAS '8-28179, Phase II.'.Missiles

and Space Division, General. Electric Company, Philadelphia, Pennsyl-

vania, November 1, 1973.

Committee on the Survey of Materials Science and Engineering, National Research

/ Council. Suthmary Report: Materials and Man's Needs: Materials Sci-.

ftnce and Engineering. National Academy of Sciences, Washington, D.C.,'

1974.

Frost, et al. Electromagnetic Containerless Processing Requirements find

.
RecommendediFacility Concepts and Capabilities for Spacelab. Final

Report on NASA Contract No. NAS 8-29680. Space Sciences Laboratory,

General Electric Company, Philadelphia, Pennsylvania, May 13, 1974.

Hammel, R.L.- Requirements and Concepts for Materials Science and Manufacturing

in Space Payload Equipment-Study. Final Report on NASA Contract No.

NAS 8-28938. TRW Systems Group, Redondo Beach, California, July, 1973.

Hammel, R.L.et al. Space Processing Applications Payload Equipment Study.

Final Report on NASA Contract No. NAS 8-28938. TRW Systems Group,

Redondo Beach,.California, August) 1974.

1

. 25

3 9
s

..



0

-

. t

i

The 1973 NASA.Pqload Model. NASA Marshall Space Flight Center,
A abama,, October, 173. ...

/
*

,

__ .: ___ Shuttle Sortie Payload:Pescriptions, Vol. IL NASA Marshall.Spacef.

q -Fight Center; Alabama, Octdber, 1973.
5,.

, ,
, , Spacelab: An Orbitacl Laboratory for Science; Applications, mu t'

.

re hnology. European Space Research Organization, Neuilly, France,
4-

.

.Tune, ,1974. : -

.!
g 5

, .

1 ----.10.---,-. Space Processing Applications $.ayload SquipmentStudy. Interim
Revied'Brochurd on NASA Contract No, 6-28938. TRW Systems Group, c
Redonda Beach, California, April, 1974.

':,

wi
.

. Space Shuttle Payload Planning.Working Groups: Vol. S, Materials
c Processingand Space Manufacturing, Final Report, NASA TM-X-694g9.

NASA Goddard Space Flight Center; Greenbelt ,. Maryland, May, 1973.

Space Shuittle Program Review. Brochure. NASA Johnson Space
Center, Houston, Temes, June, 1974.

. SumMariled NASA/ESRO PaOop scriptiont: Sortie Payloads:,
NASA Nershall Space Flight Center, Alaba4, October, 1973.

Summary of Space Processing Applications Payloads for Shuttle and
,Spacelab Missions: Brochure: NASA Marshall Space Flight Center, .

AlabaMa, June, 1974. I'

-

Ulrich, D,R. et al: EcOnomic Analysis, of Cr.ystal,Growth in Space. Final Re-.
port on' NASA Contract No. *6 8-27942. Space Sciences Laboratory,,,'

./General Electric Company, Philadelphia, Pennsylvania, July, 102.

Veen,George E,, editor and compiler. Electrophoretic 5.paratar Project M570.
Final Report onNASA-Contract No. NAS 8-28365. Space Sciences Labora-
tory,.General Electric Company, Philadelphia, PennsylVania,'September,
1972.

a
a

4

30

40'

ti

r



SPACE APPLICATIONt ,BOARDa

Allen E.Puckett (Chairman)
Executive Vice President

Hughes Aircraft Company
Culver City, California

Daniel' J. Fink (Vice Chairman)

Vice President, Space Division
General Electric Company
Philadelphia, Pennsylvania

E;k. R: Baldwin
Vice President
Cargill, Incorporated
Minneapolis, Minnesota

0. C.-Boileau
President

Boeing Aerospace Company'
Seattle, Washington

Jack M..Campbell.
President

Federation of Rocky Mountain
Denver, Colorado

JOhnF. Colrins
Professor. of Urban Affairs

Massachusetts Institute of Te
Cambridge, Massachusetts

States

nology

Leonard H. Goldenson
Chairman of theBoard

American Broadcasting Companies
New York, New York

Clotaire Wood, EXecutive Secretary
Laurence F. GilehOst, Professcional

. Associate' .

R. Alfred Whiting, Professional
Assistant

4

STAFF

41

Peter C. Goldmark
President

Goldmark ComTunications Corporation
Stamford, Connecticut

Bryce N. Harlow
Vice President for National
.Government Relations-

Procter and Gamble Company
Washington,- D.C.

William B. Heroy

Vice.Presrdent and Treasurer
Soufherp Methodist University
Dallas, Texas

Martin L. Johnson
Sec*tary

- Agency for Environmental Conservation '

Montpelier, Vermont

Thomas F. Malone
Director
Holcomb Reearch Institute
Butler University

Indianapolis, Indiana

William A. Nierenberg
Director

Scripps Institution of Oceanography
La Jolla, California

J. Edward White .

Professor of Geophysics

University of Texas atPEl Paso
El Paso, Texas

.

Carolyn Andrews, Administrative
. Assistant
Mary Basiliko, Secretary
Betty S. Brown, Secretary
Joan' R. Spade, Report Typist

5-


